Subhorizontal fabric in exhumed continental lower crust and implications for lower crustal flow: Athabasca granulite terrane, western Canadian Shield [1] The >20,000 km 2 Athabasca granulite terrane is one of Earth's largest exposures of continental lower crust. The terrane is underlain by heterogeneous isobarically cooled orthogneisses termed the Mary batholith. A transect across the batholith documents early, penetrative subhorizontal to gently dipping gneissic foliation (S 1 ). Kilometer-to meter-scale domains of S 1 contain lineations (L 1 ) defined by ribbons of recrystallized K-feldspar + plagioclase + quartz + amphibole ± orthopyroxene. L 1 coincides with garnet aggregates, elongate mafic enclaves, and coreand-mantle structure in feldspar porphyroclasts. Lineations are coaxial with hinges of isoclinally folded layering (F 1 ). L 1 is interpreted as a composite mineral lineation with intersection and stretching components. Kinematics are uniformly top-to-the-ESE. Thermobarometry derived from synkinematic phases is compatible with granulite-grade ($800°C) ductile lower crustal flow during D 1 at $0.9 GPa ($30 km paleodepths). Results from electron probe microanalyzer (EPMA) Th-U-total Pb monazite geochronology support Neoarchean (circa 2.60-2.55 Ga) garnet growth and melt-enhanced flow. Metamorphic reactions accompanying D 1 strain were synkinematic, with preferential nucleation of high-Ca garnet and amphibole in the Na-rich mantles of recrystallized plagioclase porphyroclasts. Relatively H 2 O-poor and/or CO 2 -rich conditions during D 1 are required by the preservation of fine-grained microstructures. Subhorizontal tectonites in the Mary batholith may represent an important field-based analog for lower crustal flow during orogenesis or large magnitude extension. The results illustrate the evolving strength of continental lower crust. Neoarchean subhorizontal flow of weak lower crust was followed by near-isobaric cooling and strengthening. Paleoproterozoic deformation events produced steep fabrics (S 2 ), steeply dipping shear zones, and reactivation of S 1 , a record of strain localization and strain hardening in an isobarically cooled anisotropic medium. Citation: Dumond, G., P. Goncalves, M. L.
Introduction
[2] Flow of continental lower crust is inferred to exert a primary control on surface topography and potentially leads to extensive lateral redistribution of mass and heat in collisional orogens, e.g., the Himalayan-Tibetan system . Continental lower crustal flow during orogenesis requires the formation of a rheologically weak lower crust that may flow in response to lateral pressure gradients produced by topographic loads or crustal thickening [Royden, 1996; Royden et al., 1997 Royden et al., , 2008 . Crustal flow is characterized by the development of penetrative gently dipping fabrics produced by high-temperature deformation mechanisms [Rutter and Brodie, 1992] . These pervasive, gently dipping ductile fabrics represent one plausible explanation for the characteristically high reflectivity and lamellae observed in the lower crustal portions of many deep seismic reflection profiles [e.g., Meissner et al., 2006] . These dramatic reflection patterns have been documented across numerous collisional orogens, including: the Pyrenees, the Himalayas, and the Trans-Hudson Hauck et al., 1998; Ross et al., 2004; Roure et al., 1989] . A fundamental issue in all of the above observations concerns the deformation mechanisms that attend lower crustal flow and the degree to which lower crust partitions strain [e.g., Williams and Jiang, 2005; . Field studies of exposed continental lower crust are required for constraining geophysical results and testing thermal-mechanical models, which necessarily oversimplify an inherently heterogeneous and anisotropic medium. With rare exceptions, there remain few well-documented field examples of rocks that record the effects of lower crustal flow at >25-30 km paleodepths, e.g., the Central Gneiss Belt of the western Grenville Province, Canada [see Culshaw et al., 1997] .
[3] Field-based studies aimed at understanding fabric development in continental lower crust are motivated by three fundamental issues. First, geophysical transects and coupled thermal-mechanical models provide strong evidence for low-viscosity flow of continental lower crust during collisional orogenesis Haines et al., 2003; Jamieson et al., 2004; Ozacar and Zandt, 2004; Ross et al., 2004] . Field-based data provide a basis for interpreting geophysical results and a more robust framework for developing numerical models that adequately describe the evolution of continental lower crust in orogenic systems with respect to deformation, metamorphism, magmatism, and erosion [e.g., Jamieson et al., 2007] . Second, the mechanisms of subhorizontal fabric development in continental lower crust remain controversial [e.g., Meissner et al., 2006; Sandiford, 1989] . Two end-member models include prograde deformation during crustal thickening [Park, 1981] , or extension due to orogenic collapse and/or lithospheric delamination [Sandiford and Powell, 1986] . Field-based examples of subhorizontal fabric in continental lower crust provide a means for evaluating these models. Finally, penetrative deformation of continental crust due to any plate tectonic-scale process requires failure of the entire thickness of continental lithosphere [Kusznir and Park, 1986] . The inference that continental lower crust is weak (i.e., relative to the upper crust and mantle) has been used to explain the presence of distributed low-viscosity deformation at lower crustal levels across laterally extensive regions like the Tibetan plateau [Bird, 1991; Gratton, 1989; Hodges, 2006; Klemperer, 2006; Royden et al., 1997; Westaway, 1995] , strike-slip plate boundaries like the Alpine fault zone of New Zealand [Wilson et al., 2004] , and regions of largemagnitude extension like the Basin and Range of western North America [Kruse et al., 1991; Wernicke et al., 2008] . These inferences are commonly deduced remotely from surface observations. The study of deformation and metamorphism in exposed continental lower crust, preserving subhorizontal fabrics not extensively overprinted by later tectonic events, permits interpretations of lower crustal rheology based on direct observations of lower crustal fabric [e.g., Handy and Zingg, 1991] .
[4] In this contribution, we present new structural, thermobarometric, and geochronological results from a highresolution, across-strike transect of an exhumed exposure of continental lower crust in northern Saskatchewan, Canada (Figures 1 and 2 ). Thermodynamic modeling and geochronology suggest that prior to the onset of circa 1.9-1.7 Ga uplift and exhumation, at least part of the exposure resided at lower crustal levels for 650 Myr or more Mahan et al., 2008] . This record permits an unprecedented view of the behavior of continental lower crust from Archean assembly to Paleoproterozoic reworking [Williams and Hanmer, 2006] . A notable feature of this exposure is a ubiquitous, subhorizontal to gently dipping, early granulite-grade fabric (S 1 ), variably overprinted by steep fabrics and localized high-strain zones (S 2 ) (Figures 3 and 4) [see also Mahan et al., 2008] . We hypothesize that the early fabric is a directly observable record of lower crustal flow at $30-40 km paleodepths. The deep crustal flow is correlated with Neoarchean collisional orogenesis documented elsewhere in the western Churchill cratonic province of the Canadian Shield. Penetrative ductile flow was followed by a period of isobaric cooling and strengthening of the lower crust prior to Paleoproterozoic lithospheric reactivation.
Geologic Setting
[5] The western Canadian Shield of North America is underlain by Archean cratonic provinces, including the Slave, Churchill, Sask, and Superior provinces, separated by Paleoproterozoic orogens and shear zones (Figure 1a ) [Ansdell et al., 1995; Hoffman, 1988; Whitmeyer and Karlstrom, 2007] . The western Churchill province is one of the world's largest and least understood regions of cratonic lithosphere [e.g., Hartlaub et al., 2005; van Breeman et al., 2007a] . The Great Slave Lake shear zone and the circa 2.0-1.9 Ga Taltson-Thelon orogen mark the northwestern limit of the western Churchill province [Hoffman, 1987; Ross, 2002] . The circa 1.9-1.8 Ga Trans-Hudson orogen defines the southeastern boundary ( Figure 1a ) [Ansdell, 2005; St-Onge et al., 2006] . The western Churchill province is subdivided into the Rae and Hearne domains by the Snowbird tectonic zone, a >2800 km long NE trending geophysically defined lineament ( Figure 1a ) [Hoffman, 1988] .
[6] The central portion of the Snowbird tectonic zone is well exposed north of the circa 1.7 Ga Athabasca basin in northern Saskatchewan [Rainbird et al., 2007] . The triangular shape of the zone is attributed to the interaction of crosscutting intracontinental thrust and strike-slip shear zones (Figure 1b ) [Mahan and Williams, 2005] . The western part of the zone is defined by the >400 km long, 5 to 7 km wide Grease River shear zone. Dextral, strike-slip strain and SW-over-NE thrusting occurred along the structure at circa 1.92-1.90 Ga at lower crustal conditions (650-700°C and 0.9-1.0 GPa % 30-40 km paleodepths) [Dumond et al., 2008] . The eastern part of the zone is defined by the >500 km long, 5 to 10 km wide Legs Lake shear zone. The structure accommodated dextral, thrust-sense shearing during uplift of a large exposure of granulite-facies continental lower crust to $0.5 GPa ($15 km paleodepths) at circa 1.85 Ga [Mahan et al., 2003; Mahan et al., 2006a Mahan et al., , 2006b ]. Uplift along the Legs Lake shear zone at circa 1.85 Ga occurred synchronous with strike-slip reactivation of the Grease River shear zone during dextral transpression [Dumond et al., 2008] . Last, circa 1.8 Ga brittle-ductile, dextral strikeslip shear zones offset the Legs Lake shear zone at upper crustal levels, including reactivation of the Grease River and Virgin River shear zones (Figure 1b) [Card, 2001; Dumond et al., 2008; Mahan and Williams, 2005] .
Athabasca Granulite Terrane
[7] The Athabasca granulite terrane consists of > 20,000 km 2 of continental lower crust deformed at 0.8 to >1.5 GPa ($25 to >50 km paleodepths), exposed north of the Athabasca basin (Figure 1b ) [Mahan and Williams, 2005; Mahan et al., 2008] . The region is underlain by Archean to Paleo-proterozoic mafic and felsic granulites, orthogneisses, and minor paragneisses that are cut by the Legs Lake shear zone on the eastern margin of the terrane (Figures 1b and 2 ) [Mahan and Williams, 2005; Mahan et al., 2008; Martel et al., 2008] . The exposure represents continental lower crust of the Rae domain juxtaposed with middle crustal rocks of the Hearne domain via $20 km of vertical throw along the Legs Lake shear zone [Mahan et al., 2003] . The overall geometry is analogous to other crustal-scale, intracontinental thrust systems like the Kapuskasing uplift of the Superior Province [Percival and West, 1994] or the Red Bank thrust of Australia [Teyssier, 1985] .
[8] Two main generations of structures and fabrics have been identified throughout the terrane. The first generation (D 1 ) includes subhorizontal to NW striking, moderately dipping gneissic fabrics (S 1 ) and recumbent isoclinal folds (F 1 ) of compositional layering (S 0 ) or a relict tectonic fabric (S 1Àn ). Early fabrics typically have WNW trending stretching and intersection lineations [Ashton et al., 2006; Mahan and Williams, 2005; Martel et al., 2008] . The second generation (D 2 ) includes upright, open to isoclinal F 2 folds of S 1 and local transposition of NW trending folds and gneissic fabrics into subvertical to steeply dipping, NE striking mylonitic foliations (S 2 ) with shallowly to moderately plunging, NE to SW trending stretching and intersection lineations [Ashton et al., 2006; e.g., Hanmer et al., 1995; Mahan et al., 2003 Mahan et al., , 2008 Martel et al., 2008] . The timing and possible linkage of these deformation events to two lower crustal granulite-grade events at circa 2.62-2.55 Ga and circa 1.92 -1.89 Ga remains the subject of over a decade of ongoing research and debate [Ashton et al., 2007; Baldwin et al., 2003 Baldwin et al., , 2004 Baldwin et al., , 2006 Baldwin et al., , 2007 Berman et al., Figure 1b at center. Abbreviations are GSLsz, Great Slave Lake shear zone; CLsz, Charles Lake shear zone; BBsz, Black Bay shear zone; GRsz, Grease River shear zone; LLsz, Legs Lake shear zone; CBsz, Cable Bay shear zone; VRsz, Virgin River shear zone; NFsz, Needle Falls shear zone; TNB, Thompson Nickel Belt; Tsz, Tyrell shear zone; Cd, Chesterfield domain; Cfz, Chesterfield fault zone ; TWBd, Tehery Wager Bay gneiss domain [van Breeman et al., 2007b] . CB, Cross Bay complex . Locations of Lithoprobe seismic reflection profiles from http://www.lithoprobe.ca. (b) Present-day disposition of Athabasca granulite terrane. Figure 2 illustrates detailed geologic map of Athabasca granulite terrane depicted in Figure 1b . OMBsz, Oldman-Bulyea shear zone [Card, 2001] . (c) Circa 1.9 Ga reconstruction of Athabasca granulite terrane after Mahan and Williams [2005] (compare to Figure 1b ).
2007
; Dumond et al., 2008; Flowers et al., 2006a Flowers et al., , 2008 Hanmer et al., 1994; Mahan and Williams, 2005; Mahan et al., 2006a Martel et al., 2008] .
East Athabasca Mylonite Triangle
[9] The East Athabasca mylonite triangle (EAMT) (Tantato domain of Slimmon [1989] ) represents the most thoroughly studied portion of the Athabasca granulite terrane. The EAMT is divided into three lithotectonic domains separated by four high-strain zone boundaries (Figure 2 ) [Hanmer, 1997; Williams and Hanmer, 2006] : the Chipman, Upper Deck, and Northwestern domains. The Legs Lake and Grease River shear zones define the eastern and western boundaries of the EAMT, respectively (Figure 2 ) Mahan and Williams, 2005] .
Chipman Domain
[10] The Chipman domain is underlain by the >3.2 Ga Chipman tonalite batholith, the circa 2.59 Ga Fehr granite, the Chipman mafic dike swarm [Macdonald, 1980] , and discontinuous kilometer-scale sheets of Grt-rich felsic and mafic granulite with minor pyroxenite (Figure 2) [Hanmer, 1994] . The dike swarm consists of 1 to 100 m thick amphibole + plagioclase + garnet + clinopyroxene mafic dikes that were locally partially melted, preserving a record of garnet-restite and tonalitic melt production at 1.0-1.2 GPa and 750 -850°C . Emplacement and partial melting of the dikes occurred in association with steep NE striking fabric development (S 2 ) at 1.896 Ga [Flowers et al., 2006a] . The western Chipman domain hosts poly metamorphic mafic granulites that record two episodes of HP-HT (high pressure -high temperature) metamorphism at 1.3 GPa, 850-900°C, and 1.0 GPa, 800 -900°C . The first episode is linked to production of an early, gently dipping gneissic fabric (S 1 ) at circa 2.55 Ga, and the second lower pressure event is interpreted to coincide with steep S 2 strain and dike emplacement at circa 1.9 Ga Mahan et al., 2008] .
[11] The western boundary of the Chipman domain is juxtaposed adjacent to the Upper Deck and Northwestern domains along the NE striking, steeply NW dipping Cora Lake shear zone [Johnston, 1963; Mahan et al., 2008] . The history of the structure is poorly understood, although field relationships are consistent with a component of dextral displacement during D 2 strain at circa 1.9 Ga . Mahan et al. [2008] ). Map compiled from Hanmer [1994] and Martel and Pierce [2006] . Thermobarometric data are keyed to the following references: W95, Williams et al. [1995] ; S95, Snoeyenbos et al. [1995] ; K99, Kopf [1999] 
Upper Deck Domain
[12] The Upper Deck domain structurally overlies the Northwestern domain along a shallowly SW dipping, topto-the-SW, ductile shear zone (Figure 2 ) . The Upper Deck domain consists of felsic and mafic granulite gneisses with discontinuous lenses of eclogite that record temperatures of 750 -1000°C and pressures in excess of 1.5 GPa prior to their juxtaposition with the rest of the EAMT [Baldwin et al.2003 [Baldwin et al. , 2004 [Baldwin et al. , 2007 Snoeyenbos et al., 1995] . High-temperature eclogite facies metamorphism has most recently been interpreted at 1.904 Ga [Baldwin et al., 2004; 2007] , although previous workers have inferred a Neoarchean age [Snoeyenbos et al., 1995] . Monazite geochronology by isotope dilution -thermal ionization mass spectrometry (ID-TIMS) and electron probe microanalyzer (EPMA) in the felsic granulite gneisses is consistent with melting and garnet-restite production at circa 2.62 -2.55 Ga [Baldwin et al., 2006; Dumond et al., 2007] . In situ analysis of monazite by EPMA in oriented samples of felsic granulite constrains the timing of subhorizontal S 1 fabrics to be synchronous with melting at circa 2.62 -2.55 Ga in the Upper Deck domain [Dumond et al., 2007] . Circa 1.9 Ga synkinematic monazite domains document a component of steep, NE striking dextral strike-slip S 2 strain [Dumond et al., 2007] , compatible with movement along the Grease River shear zone at circa 1.9 Ga [Dumond et al., 2008] .
Northwestern Domain
[13] The Northwestern domain is dominantly composed of felsic to mafic plutonic bodies bounded on their western margin by the Grease River shear zone (Figure 2 ). The largest body is the circa 2.63 -2.6 Ga multiphase Mary batholith Hanmer, 1997] . Granitoids of the Mary batholith were emplaced, metamorphosed, and deformed at $1.0 GPa, 700 -800°C, and locally document the progressive transition from charnockite granitoid to garnet granulite gneiss [Williams et al., 2000] . The northern part of the domain consists of the circa 2.62 -2.60 Ga Bohica mafic complex, a suite of gabbroic mafic granulites and anorthosites that are interlayered with the Mary batholith ( Figure 2 ) . Isolated meter-to kilometer-scale lenses of garnetiferous mafic and felsic granulites also occur throughout the Mary batholith.
[14] Some of the best exposures of the early, subhorizontal S 1 fabric occur in the Northwestern domain of the EAMT (Figure 3 ). Prior to this study, however, the timing and relationship of S 1 strain to lower crustal HP metamorphism remained poorly understood. This study focuses on subhorizontal fabric development in orthogneisses and felsic granulites of the Northwestern domain. Observations discussed below have been made throughout the EAMT, but we focus on one segment of an across-strike section preserved along easternmost Lake Athabasca (Figures 2 -5) . Kilometer-scale, D 2 dextral high-strain zones define the western and eastern boundaries of the transect (Figures 4  and 5 ; see section 3.3). Nearly 100% coastal exposure and 
Structural and Kinematic Constraints on Early Subhorizontal Fabrics in the Mary Batholith
[15] The 12 km long across-strike transect in granitoid orthogneisses and felsic granulites of the Mary batholith is characterized by kilometer-to meter-scale domains of subhorizontal to gently dipping, banded gneissic foliation (S 1 ) with a penetrative striping lineation (L 1 ) (Figures 4a and   4b ). Sheets of garnet-rich felsic granulite also contain the S 1 gneissic fabric and outcrop throughout the transect, though are not depicted at the scale of Figures 4 and 5. We subdivide the transect into three structural domains based on the orientations of the S 1 and L 1 fabrics (Figures 4 and 5) . Orientations of S 1 in domains 1 and 2 define NW striking girdles with subhorizontal b axes consistent with NE trending hinges of F 2 folds that are subparallel to the Grease River shear zone (GRSZ) (e.g., Figures 3b, 3c , 5a, and 5c-5e). Domain 3 is characterized by the best preservation of subhorizontal S 1 foliation and enveloping surfaces, farthest removed from the GRSZ (e.g., Figures 3a, 5a , 5b, and 5f). [16] L 1 lineations throughout the transect are variably overprinted by D 2 structures, although D 2 overprinting is demonstrably minor in many parts of the transect (see section 3.3), thus permitting direct examination of the geometry and tectonic significance of D 1 structures (e.g., Figures 3 and 6 -11). Domain 3 preserves the least modified orientations of L 1 , with dominantly 0 -30°plunges and NW-to-SE trends (Figure 5f ). Meter-scale corrugations of S 1 and isoclinal folds (F 1 ) of granite/granodiorite/charnockite sheets (S 0 ) define hinges that are coaxial with L 1 throughout domain 3 (Figure 5b ). Although there is local evidence for a tectonic fabric folded around F 1 hinges, we reserve the use of S 1 for the main penetrative, gently dipping fabric throughout the transect. L 1 lineations in domain 2 define a small-circle distribution consistent with folding of a preexisting line via buckling (Figures 5e and 5f ) [Ramsay, 1967] . Lineations in domain 1 in the footwall of the Grease River shear zone, however, plot along a great circle that is oblique to F 2 folds, consistent with folding that involved a component of heterogeneous subsimple shear [e.g., Ramsay, 1967] .
[17] The S 1 fabric is mylonitic at all scales of observation. Gneissic foliation is defined by ribbons of K-feldspar + plagioclase and flattened, elongate porphyroclasts (<1 to 7 cm in length) of K-feldspar and plagioclase with welldeveloped core-and-mantle structures (Figures 6a, 7, and 8) . The foliation is also defined by sigmoidal porphyroclasts of orthopyroxene (up to 3 cm in length) (Figure 8b ), aggregates of garnet, recrystallized laths of amphibole, ribbons of quartz, and late biotite. Centimeter-to decimeter-scale compositional layering (i.e., defined by orthogneisses of different bulk compositions) is commonly subparallel to S 1 (Figures 3c  and 6a ), except where intrusive relationships are overprinted by the S 1 foliation (Figure 10a ). Sheets of migmatitic garnetrich felsic granulite (tens of m in thickness) also contain the penetrative gneissic fabric as defined by ribbons of quartz and recrystallized porphyroclasts of plagioclase + K-feldspar (not shown at the scale of the map in Figure 4 ). The recrystallized character of the fabric and the effects of grain size reduction are well preserved in all lithologies, with only localized development of post-S 1 coarsening and annealing in amphibolerich orthogneisses and felsic granulites.
[18] D 1 strain is heterogeneously distributed at the transect scale ( Figure 5 ) and locally at the outcrop scale (Figures 6, 9, and 10). Penetrative L > S tectonites dominate the western half of the transect (i.e., domains 1 and 2; see Figures 5a, 5d, and 5e). L ) S to L-tectonites are more characteristic of the eastern half of the transect (i.e., domain 3: Figures 5a, 5b, and 5f). Fabrics at the outcrop scale also vary in character with porphyroclast-poor, straight-banded gneisses interlayered with porphyroclast-rich horizons ( Figure 6a ). Relict compositional layering is subtle to virtually absent in L-tectonite zones (Figure 6b ). Observations of the S 1 -L 1 fabric are consistent with penetrative subhorizontal general shear strain manifested in protomylonitic-to ultramylonitic-banded orthogneisses and migmatitic felsic granulites.
L 1 : A Two-Component Mineral Lineation
[19] Subhorizontal to gently plunging L 1 lineations are defined by two components (Figure 7 ). The first consists of discontinuous ribbons of recrystallized K-feldspar + plagioclase + quartz + amphibole ± orthopyroxene, aggregates of garnet, and millimeter-to centimeter-scale core-andmantle structures defined by tapered clasts of K-feldspar and plagioclase. The second component is defined by subcontinuous, tens of centimeters long monomineralic and polymineralic rods or stripes of K-feldspar + plagioclase + quartz ± amphibole. In outcrop, some of the subcontinuous stripes can be traced to isoclinally folded (F 1 ) layers of granodiorite/granite/charnockite (S 0 ) that are observed perpendicular to L 1 . These observations are consistent with a mineral lineation that is both a stretching lineation and an ). Top-to-the-ESE kinematics defined by feldspar porphyroclasts persist in the hinges of broad, low-amplitude F 2 folds and warps. On subhorizontal S 1 foliation ( Figure 8e ) and variably NE and SW dipping S 1 foliation in domain 3 (e.g., Figure 8f ), kinematics remain top-to-the-ESE along L 1 .
[22] A summary of kinematics resolved along L 1 relative to S 1 at several outcrops is depicted in a hanging wall movement map (Figure 4c ). The map and sections A-A 0 and B-B 0 (Figures 5a and 5b) illustrate the consistent top-to-the-ESE kinematics for D 1 strain throughout the study area, precluding any appreciable overprinting due to flexural flow during F 2 folding. Coupled with observations in the least modified domain 3 (Figures 5a and 5f), the results are most consistent with penetrative subhorizontal, top-to-the-ESE regional-scale ductile flow during D 1 strain at the transect scale (over $20 km 2 area).
Structures Observed Parallel and Perpendicular to L 1
[23] Three-dimensional outcrop exposures and abundant map view exposures inclined to S 1 permit observations of macroscale structures parallel to L 1 (Figure 9 ). The S 1 fabrics locally define isoclinally folded sheets (F 1 ) of granite/ granodiorite/charnockite (Figures 9a, 9b, and 10d). Hinges of F 1 folds are coaxial with L 1 (Figures 9 and 10d ). Decimeterscale, mafic enclaves with high-aspect ratios are also elongated with long axes parallel to L 1 (Figures 9c and 9d) .
[24] Exposures perpendicular to L 1 locally reveal structures related to the magmatic history of the porphyroclastic orthogneisses (Figures 10a and 10b ), whereas other exposures (particularly in domain 3) reveal a record of L-tectonite strain and corrugation development (see below) (e.g., Figures 5b and 6b ). Pegmatitic apophyses of Opx-bearing granitoid (charnockite) contain delicate, interfingering intrusive contacts with the host granodiorite, subsequently overprinted by penetrative S 1 foliation (Figures 10a  and 10b ). Net-veined mafic enclaves are flattened and sheared subparallel to S 1 and L 1 (Figure 10c ).
[25] Well-developed map-and outcrop-scale upright corrugations of S 1 and F 1 folds occur along a transect perpendicular to L 1 in domain 3 (section B-B 0 in Figures 4a  and 5b ). The open corrugations are coaxial with L 1 and have subvertical, NW striking axial planes (Figure 5b ). Penetrative cleavage is notably absent in the low-amplitude, tens of meter-scale corrugations. The geometry of the corrugations are most consistent with a component of y axis shortening and constriction during the waning stages of D 1 strain and L { S tectonite development [i.e., Fletcher and Bartley, 1994; Mancktelow and Pavlis, 1994] .
Overprinting of S 1 /L 1 Fabric
[26] Overprinting of the S 1 -L 1 fabric at the transect scale ( Figure 5a ) is represented by NE striking, steeply NW dipping D 2 dextral shear zones that bound the transect and upright open to tight F 2 folds with subhorizontal enveloping surfaces in domains 1 and 2 (Figures 4a and 5) . The 5 to 7 km wide Grease River shear zone [Gilboy, 1980] marks the western margin of the transect and contains a shallowly SW plunging stretching lineation that is coaxial with tight to isoclinal F 2 folds and sheath folds (Figure 5c ). Kinematic indicators throughout the Grease River shear zone are uniformly dextral as defined by C 0 shear bands and abundant d and s clasts of K-feldspar and plagioclase [Dumond et al., 2008; Hanmer, 1997; Slimmon, 1989] . The locally ultramylonitic Robillard Bay shear zone defines the eastern margin of the transect (Figure 5a ), strikes subparallel to the Grease River shear zone, and also contains a shallowly SW plunging stretching lineation with dextral, highly oblique-slip kinematics defined by feldspar d clasts and rotated mafic enclaves (Figure 11f ). Subhorizontal to shallowly plunging F 2 hinges throughout domains 1-3 trend subparallel to the bounding shear zones (e.g., compare b axes in Figures 5d and 5e with Figure 5c ).
[27] Outcrop-scale overprinting is characterized by (1) upright, open F 2 folds with rare S 2 axial planar cleavage, (2) kinking and buckling of the S 1 fabric subperpendicular to L 1 , (3) local development of type 1 and 2 fold interference patterns, and (4) penetrative, centimeter to tens of meters thick NE striking, steeply dipping high-strain zones. Generally low-amplitude, upright open F 2 folds and warps of the S 1 gneissic fabric are observed throughout the transect (e.g., Figure 3b ). Minor folds in the Mary batholith become tight nearest to the GRSZ, although the L 1 lineation is still preserved on both limbs (Figure 11a ; domain 1 in Figures 5a  and 5d ). Penetrative cleavage is rare, and best developed as a spaced crenulation cleavage in the hinges of F 2 folds in domain 2 (Figures 5a and 11b ). Variably developed kinking or buckling of the S 1 fabric is present in all domains along the transect (e.g., Figures 8c, 8d, and 11c ). Chevron-shaped kinks are best observed in planes parallel to L 1 and perpendicular to S 1 (Figure 11c) , with the axial plane of the kinks occurring perpendicular to L 1 and subparallel to the S 2 cleavage. Domains 2 and 3 locally preserve type 2 [Ramsay and Huber, 1987] . Type 1 (dome-and-basin) fold interference patterns due to superposition of F 2 folds onto upright, NW striking D 1 corrugations occur less commonly (Figure 3a ) [Ramsay and Huber, 1987] . Numerous centimeter-to tens of meter-scale dextral, steep high-strain zones and a minor amount of sinistral highstrain zones (Figure 11d ) occur sporadically throughout domains 2 and 3 (Figure 5a ). In high-strain zones, S 1 is reoriented into steeply dipping, NE striking domains characterized by complete transposition of L 1 into a shallowly SW plunging L 2 lineation defined by recrystallized K-feldspar, plagioclase, amphibole, and quartz ( Figure 11d ). This phenomenon is best illustrated in the NW limb of the map-scale antiform in domain 2 (Figures 4a and 5a ) where S 2 strain localized into a tens of meters wide dextral shear zone (Figure 11e ).
[28] The kinematics of D 2 strain throughout the Mary batholith are dominantly dextral, top-to-the-NE as defined by mantled porphyroclasts of K-feldspar, plagioclase, and garnet (see D 2 hanging wall movement in Figures 4d, 11e , and 11f). Minor sinistral shear zones may be conjugate, with the dextral sense being more dominant (Figure 5h ). Calculation of the acute bisectrix of the mean orientations of these zones [after Ramsay and Huber, 1983] yields axes of finite strain consistent with NW -SE subhorizontal contraction and a SW plunging extension direction (Figure 5h ), kinematically compatible with observations along the Grease River shear zone [Dumond et al., 2008] .
Microstructural Observations of Penetrative Subhorizontal S 1 Tectonite
[29] Microstructural observations provide insights into the deformation mechanisms and metamorphic grade associated with development of the penetrative subhorizontal S 1 tectonite. Williams et al. [2000] mapped steeply dipping D 2 strain gradients in the core of the Mary batholith and focused on the development of nonmigmatitic gneissic layering in Opx-bearing orthogneisses. The work was done prior to any recognition of the significance of the subhorizontal S 1 fabrics illustrated in this study. New microstructural data are presented below from amphibole ± garnet-bearing orthogneisses that contain the S 1 gneissic fabric (Figure 12 ).
Garnet + Amphibole Granodiorite Orthogneisses
[30] Much of the transect is underlain by a compositionally heterogeneous suite of garnet + amphibole-bearing granodioritic orthogneisses (e.g., sample 04G-048 located in domain 2 of the Mary batholith in Figures 4b and 5a) . The rocks display <0.3 -2 mm thick gneissic layering defined by alternating horizons of dynamically recrystallized plagioclase + K-feldspar + quartz and amphibole + ilmenite. The banded gneisses are porphyroclastic, with flattened and mantled s-and d-type clasts of plagioclase and K-feldspar (Figure 12a ) [e.g., Passchier and Trouw, 2005] . Gneissic layering also consists of monocrystalline ribbons of K-feldspar, plagioclase, and quartz with aspect ratios up to 30:1. Rare relict cores in K-feldspar ribbons are composed entirely of subgrains, and the margins of the cores define highly lobate boundaries adjacent to a mantle of recrystallized grains, indicative of subgrain rotation recrystallization (Figure 12b ). Cuspate-lobate grain boundaries between adjacent K-feldspar grains and between K-feldspar and plagioclase grains in the mantle indicate grain boundary migration recrystallization. Lattice preferred orientation is well developed in the vicinity of the cores, but diminishes with distance away from the cores as K-feldspar ribbons become completely recrystallized to grain sizes approaching 20 mm in diameter. Plagioclase cores are better preserved with albite twinning still apparent, overprinted by sweeping undulatory extinction. Calcic cores are mantled by recrystallized new grains of albitic plagioclase, garnet, amphibole, and irregular pools of quartz (Figure 13a ). Recrystallized grains in plagioclase mantles are nearly the same size as subgrains in the clasts (as small as 80 mm in diameter) and have a similar lattice preferred orientation, consistent with subgrain rotation recrystallization. Lobate grain boundaries between plagioclase grains and subgrains, in addition to pinning microstructures between amphibole and plagioclase are consistent with grain boundary migration recrystallization (Figure 12c ) [Jessell, 1987] . Quartz occurs in three settings: (1) as virtually strain-free grains that share lobate grain boundaries with K-feldspar and new plagioclase grains in the strain shadows of relict plagioclase porphyroclasts, (2) as elongate ribbons in the matrix that pinch out on their ends and consist of variably recrystallized single grains, and (3) as long monominerallic veins (200-300 mm wide) with irregular-to straight-sided walls that truncate feldspar grains and extend across the entire thin section, parallel to S 1 [see also Williams et al., 2000] .
Turcotte Amphibole-Bearing Granodiorite Orthogneiss
[31] Sheets of amphibole-bearing orthogneiss occur near the center of the transect, originally mapped as the Turcotte granodiorite by Hanmer [1994] (Figure 4a ). Contacts between porphyroclast-rich banded gneisses and porphyroclast-poor ultramylonite horizons range from sharp to gradational (Figure 6a ). Gneissic banding (<0.1 -3 mm thick) is defined by ribbons of K-feldspar + plagioclase + quartz in association with amphibole + titanite + biotite + calcite. Amphibole occurs as isolated recrystallized porphyroclasts in the matrix, and as new grains in the recrystallized mantles of antiperthitic plagioclase. K-feldspar and plagioclase define flattened, mantled d-and s-type porphyroclasts (Figure 12e ). K-feldspar cores locally exhibit lobate to amoeboid grain boundaries, display undulatory extinction, and contain inclusions of calcite and amphibole. Other K-feldspar cores are completely replaced by subgrains and dissected by zones of new grains with the same lattice preferred orientation, consistent with subgrain rotation recrystallization. Where K-feldspar is completely recrystallized, i.e., where clasts are transformed into ribbons, grain sizes approach 3 -4 mm in diameter. Plagioclase clasts display similar microstructures as K-feldspar, although plagioclase is generally more coarsely recrystallized (down to 10 mm in diameter) and compositionally heterogeneous with calcic cores mantled by sodic rims, as observed in electron probe X-ray maps. Plagioclase rims exhibit lobate intergrowths and pinning microstructures with amphibole, indicative of grain boundary migration recrystallization (Figure 12d ) [Passchier and Trouw, 2005] .
Microstructural Summary
[32] The microstructural observations discussed above emphasize the roles of subgrain rotation and grain boundary migration recrystallization affecting porphyroclasts of both K-feldspar and plagioclase in the banded orthogneisses. Combined with textural evidence for pervasive ribbon development in K-feldspar + plagioclase + quartz, and evidence for growth of new phases like sodic plagioclase, garnet, and amphibole, the results support the operation of crystal-plastic deformation mechanisms, i.e., dislocation and diffusion creep at high temperature (greater than 650 -700°C) [Passchier and Trouw, 2005; Rutter and Brodie, 1992; Tullis, 2002] . The preservation of such fine grain sizes and high-strain microstructures without appreciable annealing, e.g., grains as small as 3 -20 mm for K-feldspar and 10-80 mm for plagioclase, requires low activity of H 2 O or relatively high activity of CO 2 [Mancktelow and 
Pressure-Temperature Conditions of S 1
[33] Previous thermobarometric estimates derived from Opx + Cpx + Grt ± Hb granodioritic orthogneisses yielded conditions of 0.9 -1.2 GPa and 750-860°C throughout the Mary batholith (shown in Figure 2 ) Williams et al., 2000] . The relationship between lower crustal metamorphism and S 1 fabric development, however, remained unconstrained in the Northwestern domain prior to this study. New thermobarometric data from one oriented sample is presented below that permits a direct link between S 1 strain and synkinematic mineral growth (Figure 13 ). High-resolution X-ray mapping of all phases was carried out prior to analysis with the Cameca SX50 electron probe microanalyzer (EPMA) at the University of Massachusetts. Maps were generated at 15 kVand 150-200 nAwith 4-10 mm pixel step sizes and 50-70 ms dwell times. Quantitative analyses, guided by the X-ray maps, were collected at 15 kV and 20 nA with a focused beam for garnet and a defocused beam (5 mm) for plagioclase and amphibole. Count times were 20 counts s À1 on peak and 10 counts s À1 on background. Calibrations were made using common natural and synthetic standards.
[34] Garnet, amphibole, and plagioclase (all in association with quartz) were analyzed in sample 04G-048, located in the Mary batholith domain 2, to constrain the P-T conditions of S 1 ( Figure 13 and Table 1 ). The metamorphic assemblage occurs in the recrystallized mantles of plagioclase d clasts with the same top-to-the-SE kinematics observed along the transect. Garnet (up to 0.5 mm in diameter) is grossular-rich almandine (Alm 71 , Grs 21 , Pyr 5 -6 ). Highresolution X-ray maps show little to no zoning. Quantitative line scans reveal slight rimward increases in X Fe and decreases in X Mg , attributed to retrograde diffusional reequilibration (Figure 13b ). Plagioclase compositions range from An 38 in the cores to An 22 at the rims. Recrystallized matrix plagioclase grains in the vicinity of the porphyroclasts are also An 22 . Amphibole is ferropargasite according to the classification of Leake et al. [2003] and is similar in composition in both the matrix and the porphyroclast mantles. Thermobarometric estimates were made using the core composition of the largest garnet in the plagioclase mantle because it is likely to be the least modified by retrograde cooling. Results were obtained using the avPT method in Green and Ringwood [1967] . Note depth to Moho beneath Athabasca basin from nearby Lithoprobe seismic reflection line S2B for reference [Corrigan et al., 2005] (line located in Figure 1a as S2B). Thermocalc 3.26 [Powell and Holland, 1994] with the November 2003 version of the internally consistent thermodynamic database of Holland and Powell [1998] . Activitycomposition relationships were modeled at 1.0 GPa and 750°C using the year 2000 version of AX (T. Holland, http://rock.esc.cam.ac.uk/astaff/holland/index.html) and the amphibole model of Dale et al. [2000] . Estimates for P and T were calculated for fluid-undersaturated conditions and yielded the smallest s fit at an activity of H 2 O = 0.5. Average P-T results indicate conditions of 0.90 ± 0.12 GPa (1s) at 827 ± 100°C (1s) (Figure 13d) .
[35] The new P-T estimates are consistent with the data of Williams et al. [2000] and Baldwin et al. [2003] , revealing a laterally extensive batholith that equilibrated at lower crustal conditions ($30 -40 km paleodepths). Retrograde zoning in garnet and textural evidence for garnet growth at the expense of plagioclase is consistent with near-isobaric cooling at depth as inferred for the Mary batholith by Williams et al. [2000] (see path in Figure 13d) . Williams et al. [2000] first observed the preferential nucleation of Ca-rich garnet in the Na-rich mantles of recrystallized plagioclase porphyroclasts during deformation in the Mary batholith. This study demonstrates that growth of garnet and amphibole during synkinematic recrystallization of plagioclase was synchronous with D 1 subhorizontal fabric development at lower crustal depths (Figure 13a and 13d).
Timing Constraints on S 1 and S 2
[36] Crystallization ages for various phases of the Mary batholith range from circa 2.63 -2.60 Ga (U-Pb zircon) . Recent work on the Godfrey granite, adjacent to the Upper Deck domain, revealed a minimum crystallization age of 2.61 Ga with evidence for metamorphic overgrowths at circa 2.53-2.51 Ga . New data presented below provide the first in situbased constraints on the timing of early subhorizontal fabrics in both the Mary batholith and the EAMT domain of the Athabasca granulite terrane, in addition to timing the age of overprinting D 2 structures. Multiple grains of monazite were identified in thin section, but only grains that could be texturally and compositionally linked to synkinematic and/or synmetamorphic growth during S 1 or S 2 strain were selected for dating (e.g., Figures 14-16 and Table 2 ). Details regarding in situ trace element analysis and Th-Utotal Pb dating of monazite by EPMA are summarized in Appendix A and by Dumond et al. [2008] . Monazite dates are depicted as a single Gaussian probability distribution for each monazite compositional domain (Figures 15 and 17) . Multiple domains from one or more grains (interpreted to represent the same monazite growth event based on similarity in date, composition, and/or texture) are grouped together using a weighted mean age with 2s uncertainty. Results from a ''consistency'' standard of known age are presented to document short-term systematic error and provide a qualitative assessment of accuracy during each analytical session . All results are plotted as histograms scaled relative to the consistency standard (e.g., Figures 15 and 17) . The standard used in this study is the Moacyr Brazilian pegmatite monazite with weighted mean ages of 506 ± 1 (2s, MSWD = 0.6) for 208 Pb/ 232 Th, 506.7 ± 0.8 Ma (2s, MSWD = 0.83) for 207 Pb/ 235 U, and 515.2 ± 0.6 Ma (2s, MSWD = 0.36) for 206 Pb/ 238 U obtained by ID-TIMS at the Geological Survey of Canada (W. J. Davis, personal communication, 2006) .
Linking Monazite Geochronology to S 1 Strain and Synkinematic Garnet Growth
[37] Dated samples come from infolded sheets of garnetrich felsic granulite (tens of m in thickness) that are associated with orthogneisses of the Mary batholith. The sheets occur in both low-and high-D 2 strain domains (samples 04G-067 and 04G-050B, respectively, in Figures 4b, 4d, and 5a ). Garnet-rich felsic granulites in domain 3 of the transect contain the penetrative mylonitic S 1 gneissic fabric with top-to-the-SE kinematics (sample 04G-067 in Figures 5a  and 14) . The main assemblage defining the S 1 fabric includes garnet + K-feldspar + plagioclase + quartz. Rare inclusions of biotite occur in garnet. Garnet locally occurs in the recrystallized mantle of plagioclase porphyroclasts (Figure 14) , similar in context to garnet in the granodioritic orthog- neisses discussed in sections 4 and 5 (e.g., Figures 12a and  13) . Garnet more commonly appears as large (up to 2 -3 cm) isolated porphyroblasts in the matrix with plagioclase and K-feldspar. K-feldspar clasts, quartz ribbons, and tails of plagioclase clasts all display microstructural evidence for buckling and reactivation of the S 1 gneissic fabric during D 2 , as observed around garnet porphyroblasts in outcrop (Figure 11c) . In all samples, biotite ± muscovite appear as Figure 14 . (a and d) X-ray maps of plagioclase porphyroclasts in garnet-bearing S 1 felsic granulite migmatite. Note locations of analyzed monazite grains. In Figure 14d , note garnet in recrystallized mantle of porphyroclast. (b, c, e, f, and g) Maps and EPMA data for a representative set of grains are illustrated for comparison. Note resorbed high-Y cores and low-Y, high-Th overgrowths. Some overgrowths display stair stepping or sigmoidal geometries consistent with top-to-the-SE kinematics (e.g., high-Th zones in Figure 14b , 1-m3, and Figure 14e , 2-m2). Dates are reported at 95% confidence. See Table 2 for summary of data for all eight analyzed grains, i.e., sample 04G-067. Table 2 ). (left) Normalized relative to chondrite using the values of McDonough and Sun [1995] . See text for discussion.
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foliated to randomly oriented mats texturally after garnet. Minor inclusions of biotite in garnet and textural evidence for recrystallization of plagioclase supports the interpretation of the leucocratic sheets as syn-S 1 migmatites produced by a fluid-absent melt reaction, such as [e.g., Vielzeuf and Montel, 1994] biotite þ plagioclase þ quartz ! garnet þ KÀfeldspar þ melt:
[38] Microstructural observations demonstrate that garnet grew during S 1 strain at the expense of recrystallized plagioclase (Figures 12a, 13, and 14) . Therefore, we use monazite to time garnet growth and hence, S 1 strain and melt production. The petrogenesis of monazite + garnet is commonly inferred from yttrium (Y) zoning in monazite, in the absence of other Y-bearing phases [Foster et al., 2002 [Foster et al., , 2004 Table 2 for summary of data for all 13 analyzed grains in sample 04G-050B. Tb, Dy, Ho, Er, and Yb were analyzed and found below detection (bd, below detection); Sample 04G-067location: UTM E 398477 N 6576399 zone 13V NAD 27; and sample 04G-050B location: UTM E 394608 N 6576821 zone 13V NAD 27. WtAv, weighted average; 2sBk, 2-sigma uncertainty with background error included; bkg, background.
b With the exception of Y, Th, U, and Pb, all elements are reported as simple means. Values for Y, Th, U, and Pb are reported as weighted means with the error based on propagation of the standard deviation of the mean of the X-ray counting uncertainties (for n analyses) plus 1% uncertainty on the estimated background intensities through the age equation . Spear, 2003; Zhu and O'Nions, 1999] . Monazite is a light rare earth element (LREE)-rich phosphate that is depleted in Y and heavy rare earth elements (HREEs) when it precipitates during or after growth of garnet, a phase that readily incorporates Y and HREEs [e.g., Zhu and O'Nions, 1999] . In the case of the fluid-absent melt reaction proposed for the S 1 migmatites, the following petrogenesis would be anticipated:
[39] In addition to Y, the Eu content and the Eu anomaly for each monazite domain are useful for quantifying depletions (or enrichments) of Sm + Gd due to contemporaneous growth (or breakdown) of garnet. Eight monazite grains were analyzed in situ via EPMA in the matrix near d-type plagioclase porphyroclasts in 04G-067 (Figures 14 and 15  and Table 2 ). Four zones were identified by combining highresolution X-ray maps of Y (Figure 14) with a chondritenormalized plot of Y versus Eu*, where Eu* represents the Eu anomaly for each analyzed domain (Figure 15 ). Zone 1 is defined by high-Y resorbed cores (0.55-2.07 wt %) with relatively low Eu anomalies (Eu* < 4.00) and dated at circa 2.64 -2.59 Ga (see monazite 1-m3, 1-m27, and 2-m2 in Figures 14 and 15) . Zones 2 and 3 correspond to low-Y overgrowths (0.07-0.10 wt %) (see monazite 1-m3, 1-m27, and 2-m4 in Figures 14 and 15) . Zone 2 and 3 monazites locally display stair stepping and s-type geometries consistent with top-to-the-ESE kinematics (e.g., as defined by Th in X-ray maps for grains 1-m3, 1-m27, and 2-m2 in Figures 14  and 15 ). The distinction between zones 2 and 3 is based on the Eu anomaly, with zone 3 displaying the most positive Eu anomalies (Eu* < 3.50 in Figure 15 ) attributed to depletions of Sm + Gd and HREEs relative to Eu. Zones 2 and 3 have been dated at circa 2.60 -2.55 Ga (Figure 15 ). Zone 4 coincides with thin (<10 mm) irregular rims dated at circa 1.9 Ga that are slightly enriched in Y (0.10-1.3 wt %) relative to zones 2 and 3 (e.g., see monazite 1-m3 in Figures 14  and 15) .
[40] The sharp transition from high-Y zone 1 to low-Y zones 2 and 3 monazite is most consistent with the onset of garnet growth, dated at circa 2.6-2.55 Ga (Figure 15 ). Garnet growth is also supported by the observation that zone 3 monazite domains display the most positive Eu anomalies, i.e., (Table 2 and Figure 15 ). Dates for zone 2 Figure 17 . Annotated monazite histogram summary comparing dates for samples 04G-067 and 04G-050B with Moacyr consistency standard for reference. Color scheme for monazite zones is same as in Figure 15 . See Table 2 for summary of all data. and 3 synkinematic overgrowths provide a direct constraint on the age of top-to-the-SE subhorizontal flow and S 1 strain at circa 2.6-2.55 Ga (Figures 15 and 18) . Finally, zone 4 rims display subtle increases in Y that may be due to incipient garnet breakdown [e.g., Foster et al., 2002; Mahan et al., 2006a; Williams et al., 2007] , and their presence provides direct evidence for reactivation of the Neoarchean S 1 fabric in the Paleoproterozoic which we infer at 1897 ± 9 Ma (2s, MSWD = 0.2, n = 4) (Figures 15 and 17) .
Timing Dextral S 2 Strain With Synkinematic Monazite
[41] Ultramylonitic sheets of felsic granulite occur in the NW limb of a map-scale antiform where S 2 strain is localized into a tens of meters wide NE striking, steeply NW dipping dextral shear zone. The dated sample 04G-050B in this shear zone is located in the Mary batholith domain 2 (Figures 4a and 5a) . Gneissic S 1 fabrics progressively steepen into the zone marked by complete transpo- sition of the SE trending L 1 lineation into a gently SW plunging L 2 lineation with dextral, top-to-the-NE kinematics defined by sigmoidal garnet porphyroblasts (up to 4 cm in diameter) (Figures 5a, 11e, and 16) .
[42] Garnet in sample 04G-050B is variably retrogressed to biotite. Thirteen monazite grains were analyzed in a large s-type garnet porphyroclast and in the ultramylonitic matrix via EPMA (Figures 11e and 16 and Table 2 ). Sealed inclusions in garnet were dated between circa 2.62 Ga and 2.58 Ga (Figure 16b and Table 2 ). High-Y monazite cores (0.65 -2.14 wt %) in both garnet and the matrix yielded dates between circa 2.62 and 2.56 Ga (e.g., grains m7 and m10 in Figure 16 and Table 2 ). Low-Y monazite overgrowths (1578-7580 ppm) were also identified in garnet and the matrix (e.g., grains m7 and m10 in Figure 16 ) and dated at circa 2.61 -2.57 Ga. Sigmoidal and stair-stepping low-Ca monazite overgrowths are abundant throughout the matrix and display the same D 2 top-to-the-NE kinematics observed around garnet (e.g., grain m13 in Figure 16d ). The synkinematic low-Ca monazite overgrowths are dated at 1.91 -1.89 Ga (Figures 16d and 17 and Table 2 ).
[43] The record of Y depletion observed in monazite from sample 04G-050B is consistent with Neoarchean growth of garnet at circa 2.61 -2.57 Ga and in agreement with the D 1 synkinematic garnet growth inferred for sample 04G-067 located in the low-D 2 strain domain (Figure 17 ). Synkinematic low-Ca monazite overgrowths constrain the age of dextral shearing and subvertical fabric development to 1906 ± 8 Ma (2s, MSWD = 0.8, n = 4) ( Figure 17 ). This age is coincident with the timing of S 1 fabric reactivation documented in sample 04G-067 (Figures 17 and 18 ).
Discussion
[44] Redistribution of mass and heat, evolution of surface topography, and lithospheric-scale strain partitioning/ localization are all directly related to the rheological and petrogenetic evolution of continental lower crust during collisional and extensional orogenesis, e.g., the HimalayanTibetan system (as reviewed by Hodges [2006] ) and the Basin and Range of western North America [Kruse et al., 1991; Wernicke et al., 2008] . The important control that rheology of continental lower crust exerts on plate tectonicscale processes is emphasized by the ongoing debate that persists regarding the mechanisms that control the strength of continental lithosphere [e.g., Axen et al., 1998; Burov and Watts, 2006; Butler, 2006; Jackson, 2002; Klepeis et al., 2004; Thatcher and Pollitz, 2008] . Deep seismic reflection profiling [Nelson, 1991] , experimental rock mechanics [Rutter and Brodie, 1992] , and recent thermal-mechanical models can be difficult to reconcile given the dramatic lithological heterogeneity and anisotropy observed in exposed sections of continental lower crust [e.g., Percival, 1992] . High-temperature ductile flow of low-viscosity material or the production of a laterally extensive subhorizontal tectonite fabric, however, remain as some of the most feasible mechanisms for explaining the strong seismic anisotropy observed in the lower crust of orogens worldwide [Meissner et al., 2006; Ross et al., 2004] .
[45] The long residence time of the Athabasca granulite terrane at lower crustal levels provides an opportunity to examine the behavior of continental lower crust from Archean stabilization to Paleoproterozoic reactivation, uplift, and exhumation Mahan et al., 2006a Williams and Hanmer, 2006] . This record contrasts with exhumed ultrahigh-pressure rocks that experienced a transient response to thickening of continental crust and short-term lower crustal residence, e.g., the >40,000 km 2 Western Gneiss Region in Norway [i.e., Hacker and Gans, 2005] . Laterally extensive and nearly intact exposures of continental lower crust, such as described in this study or the Georgian Bay transect [Culshaw et al., 1997] , offer some of the best opportunities to explore the deformation mechanisms that attend lower crustal flow [Hodges, 2006] .
Subhorizontal Fabrics in Continental Lower
Crust: The Mary Batholith Perspective
[46] Subhorizontal S 1 fabrics exposed in the Mary batholith of the Athabasca granulite terrane may represent a field-based analog for the nature of lower crustal flow. This study documents a penetrative, high-temperature ($800°C) ribbon mylonite fabric with uniform top-to-the-SE kinematics of flow in a heterogeneous suite of rock types, ranging from feldspar porphyroclast-rich orthogneisses to garnetbearing migmatites (Figure 8 ). The character and consistent direction of subhorizontal flow, combined with thermobarometric estimates, are consistent with detachment-style flow above the crust-mantle boundary [Tikoff et al., 2002; Weber, 1986; Williams and Jiang, 2005] . The record of relatively low-viscosity subhorizontal shear strain at $30 km depths implies that stresses were horizontally transmitted through the crust as it was decoupled from the underlying crust/ mantle [Royden, 1996] . Stretching and striping lineations associated with recumbent isoclinal folds of compositional layering qualitatively attest to dramatic transposition of material and a component of subvertical thickening during lower crustal flow (Figures 6d, 7, and 9) [e.g., Sengupta and Ghosh, 2007] . Subhorizontal fabric development and L ) S to L-tectonite strain in the banded gneisses was overprinted by upright meter-scale corrugations coaxial with L 1 (domain 3, Figures 5a, 5b , and 5f). Lower crustal flow during D 1 was thus affected by a component of y axis shortening in the waning stages of constrictional strain [e.g., Mancktelow and Pavlis, 1994] . The production of penetrative subhorizontal fabrics, corrugations, and L-tectonites is attributed to heterogeneous D 1 lower crustal flow.
[47] Syndeformational reactions were important during lower crustal flow, and may have facilitated further weakening and strain localization [e.g., Rutter and Brodie, 1995; Stünitz and Tullis, 2001] . Metamorphic reactions were synkinematic in the orthogneisses, with preferential nucleation of high-Ca garnet and amphibole in the Na-rich mantles of recrystallized plagioclase porphyroclasts during top-to-the-SE subhorizontal shear strain (Figures 12 and 13 ).
Synkinematic growth of garnet at the expense of dynamically recrystallized plagioclase is attributed to isobaric cooling ± reheating during lower crustal deformation of the Mary batholith [Williams et al., 2000] . The interlayered felsic granulites, in contrast to the orthogneisses, preserve a record of prograde synkinematic garnet growth, fluid-absent melting of biotite [e.g., Vielzeuf and Montel, 1994] , and ''melt weakening'' [e.g., Beaumont et al., 2004] in the waning stages of batholith emplacement.
[48] The layered subhorizontal S 1 tectonite fabric exposed along the transect is noteworthy for the general absence of grain size coarsening or pervasive annealing. Fine-grained microstructures are well preserved despite the high temperature of metamorphism and deformation ($800°C) (Figure 12 ). Grain sizes approach <10 mm for K-feldspar and 10-80 mm for plagioclase. These grain sizes are consistent with diffusion creep and/or grain-size-sensitive creep during lower crustal flow at relatively low viscosities (e.g., 10
19 -10 20 Pa s or less for nominally water-saturated plagioclase aggregates) [Bürgmann and Dresen, 2008; Rybacki et al., 2006] . Relatively H 2 O-poor and/or CO 2 -rich conditions are necessary for preservation of the high-strain (i.e., fine-grained) microstructures and prevention of significant coarsening or annealing in the banded, ultramylonitic gneisses (e.g., Figures 6a, 8f , and 12) [see Mancktelow and Pennacchioni, 2004] . This inference is supported by estimates of 0.5 for the activity of H 2 O modeled in this study for garnet + amphibole orthogneisses and by the presence of interstitial calcite throughout the Turcotte granodiorite, presumably derived from comagmatic CO 2 -rich fluids.
[49] The age of S 1 fabrics, lower crustal flow, and garnet growth accompanied by partial melt production is best constrained by synkinematic, Y-depleted monazite dated at circa 2.60 -2.55 Ga by EPMA in the migmatitic felsic granulites (sample 04G-067 in Figures 14, 15, and 17) . Circa 2.60-2.55 Ga synkinematic monazite ages for S 1 fabrics overlap U-Pb zircon dates that are interpreted as crystallization ages for various phases of the Mary batholith at circa 2.63-2.60 Ga Hanmer et al., 1994] , implying a genetic link between batholith emplacement and lower crustal flow. We interpret S 1 strain as synto post-Mary batholith emplacement. Phases of the batholith were emplaced at depth, i.e., 0.9-1.0 GPa % 30-40 km [Williams et al., 2000] , and thus were collectively a meltweakened or thermally softened volume of continental lower crust capable of responding to subhorizontal flow at circa 2.60 Ga. The batholith, and the coeval Bohica mafic complex in the Northwestern domain (Figure 2 ), would also have provided the heat necessary to drive the partial melting and restite production represented by the felsic granulites. The tectonized, sheet-like character of many of the lithologies attests to subhorizontal strain shortly after emplacement that was enhanced during lower crustal flow (Figures 3a, 3c , 6a, and 10a). Such penetrative subhorizontal ductile fabrics provide a field-based analog for the dramatic reflectivity and anisotropy observed in the lower crust worldwide [e.g., Meissner et al., 2006] .
Dynamic Rheology of Continental Lower Crust: Evolution Through Time
[50] The period of Neoarchean lower crustal flow was followed by a protracted episode of isobaric cooling and lower crustal residence Mahan et al., 2008; Williams et al., 2000; Williams and Hanmer, 2006] . Penetrative D 1 subhorizontal flow fabrics were overprinted by upright open to tight F 2 folds, rare axial-planar cleavage, discrete zones of steep fabric development (e.g., S 2 ), outcrop-to crustal-scale steeply dipping shear zones, and local reactivation and buckling of S 1 fabrics (Figure 11) . The discrete and highly partitioned character of D 2 strain implies that continental lower crust, as represented by the Mary batholith, had evolved into a lower crustal ''strength beam'' [i.e., Karlstrom and Williams, 1998 ]. In situ EPMA monazite geochronology demonstrates that dextral shearing and NW -SE subhorizontal shortening associated with D 2 strain are Paleoproterozoic (i.e., circa 1.9 Ga in Figures 16, 17 , and 18). The inferred Paleoproterozoic finite shortening direction (Figure 5h ) varies from highly oblique to subparallel to the Neoarchean NW -SE trending lineations and Ltectonite strain (Figure 5f ). We suggest that domains of Neoarchean L-tectonite strain were thus favorably oriented to resist penetrative reworking in the Paleoproterozoic (Figure 18 ). The final transect geometry (Figure 5a ) represents a composite record of the effects of strain localization and strain hardening in an isobarically cooled, heterogeneous, and anisotropic sample of continental lower crust following weak lower crustal flow.
[51] Results from the Mary batholith reveal an important dichotomy that has been documented elsewhere, e.g., the lower arc crust of Fiordland [Klepeis et al., 2003 [Klepeis et al., , 2004 2007] . The strength of continental lower crust is dynamic and evolving. Flow of relatively weak lower crust during batholith emplacement and production of S 1 was followed by a period of near-isobaric cooling and strengthening. The character of the strengthened crust influenced subsequent deformation events. Pervasive low-viscosity flow and subhorizontal fabric development at circa 2.60 -2.55 Ga contrast with the highly partitioned strain and localized shearing on steeply dipping fabrics that occurred at circa 1.9 Ga. It is noteworthy that despite the influx of heat from the mantle signaled by the Chipman mafic dike swarm at 1.896 Ga in the adjoining Chipman domain (Figure 2 ) [Flowers et al., 2006a] , the Mary batholith did not sufficiently weaken to flow or strain in the manner it did previously. Similar conclusions were drawn for the Western Fiordland Orthogneiss in New Zealand whereby zones weakened by melt and heat during lower crustal emplacement coincided with subhorizontal flow prior to cooling, strengthening, and steep fabric/shear zone development [Klepeis et al., 2004] .
Tectonic Implications for the Canadian Shield
[52] The circa 2.60 -2.55 Ga record of Neoarchean lower crustal flow preserved in the Mary batholith temporally overlaps with S 1 fabric development and high-pressure metamorphism (1.3 GPa and 850 -900°C) preserved in mafic granulites of the adjoining Chipman domain (Figure 2 ) Mahan et al., 2008] . The timing of lower crustal flow also coincides with the period of melt and garnetiferous restite production documented in the overlying Upper Deck domain at circa 2.62-2.55 Ga (Figure 2 ) [Baldwin et al., 2006; Dumond et al., 2007] . Thus, the entire East Athabasca mylonite triangle preserves evidence for a protracted period of lower crustal flow and subhorizontal fabric development in the southeastern portion of the Athabasca granulite terrane, despite variations in lithology and age. The record of steep S 2 dextral strain identified in this study at circa 1.9 Ga overlaps in time and is kinematically compatible with slip along the adjacent crustal-scale Grease River shear zone [Dumond et al., 2008] . Dextral transpression occurred throughout much of the Rae domain coincident with dextral strike-slip displacement along the Great Slave Lake and Black Bay shear zones during collision of the Churchill and Slave cratons (Figure 1a ) [Bowring et al., 1984; Hanmer et al., 1992; Hoffman, 1987; Kraus and Ashton, 2000] . The regional occurrence of steep dextral transpressive strain is consistent with a relatively strong continental lower crust throughout much of the western Canadian Shield at circa 1.9 Ga.
[53] Neoarchean (circa 2.62-2.50 Ga) plutonism, deformation, and/or metamorphism have been identified throughout much of the western Churchill cratonic province [Baldwin et al., 2006; Flowers et al., 2008; Hanmer et al., 1994 MacLachlan et al., 2005; Mahan et al., 2008; Martel et al., 2008; Mills et al., 2007; Sanborn-Barrie et al., 2001; Snoeyenbos et al., 1995; Stern and Berman, 2001; Williams et al., 2000] . We relate the record of tectonometamorphism in the East Athabasca mylonite triangle to that preserved in the Chesterfield/Northwestern Hearne domain (Figures 1 and 2) [Davis et al., 2006; Hanmer et al., 2006; MacLachlan et al., 2005; Stern and Berman, 2001] . Subhorizontal, top-the-SE lower crustal flow documented in this study may correlate with Neoarchean SE vergent thrusting observed or inferred along the Tyrell shear zone in the Yathkyed Lake supracrustal belt [MacLachlan et al., 2005] and along the Big Lake shear zone that floors the Cross Bay plutonic complex further NE (Figure 1a) . This correlation implies an 800 km long region of top-to-the-SE strain that is subparallel to the Snowbird tectonic zone, and may support a Neoarchean collisional origin for at least part of this >2800 km long lineament [e.g., Jones et al., 2002] .
Conclusions
[54] Subhorizontal tectonites exposed in the Mary batholith of the Athabasca granulite terrane arguably provide an important analog for the nature of lower crustal flow during orogenesis. Such analogs are critical for establishing fieldbased laboratories for understanding the rheology of continental lower crust [Handy and Zingg, 1991; Handy et al., 2001; Hodges, 2006] . The record in this study reveals the importance of synkinematic metamorphic reactions during lower crustal flow [e.g., Rutter and Brodie, 1995; Stünitz and Tullis, 2001] , in addition to the remarkable grain size reduction that attends it. Our results demonstrate the dynamic and evolving strength of continental lower crust, as observed in the roots of arcs and orogens elsewhere [e.g., Klepeis et al., 2004 Klepeis et al., , 2007 . In this particular case, Neoarchean subhorizontal penetrative flow of weak lower crust was followed by a period of near-isobaric cooling and strengthening. Subsequent Paleoproterozoic strain resulted in buckling and steep fabric development, discrete outcropto crustal-scale steeply dipping shear zones, and reactivation of S 1 gneissic fabrics. The record of strain localization and hardening recorded in the isobarically cooled Mary batholith reflects a permanently modified sample of continental lower crust that was no longer capable of weak penetrative flow. Such samples of highly anisotropic and rheologically stronger lower crust may represent ''stress risers'' that resist later deformation and serve to localize strain (e.g., as a lower crustal indentor or block) adjacent to weaker domains of lower or middle continental crust [e.g., Culshaw et al., 2006; Jamieson et al., 2007; Klepeis et al., 2007] . [56] Final thin section preparation involved removal of the C coat, followed by 4 -8 h of vibratory polishing with a colloidal silica suspension. Thin sections and standards were loaded under high vacuum in a BOC Edwards Auto 306 1 vacuum coater, cleaned with plasma utilizing the Plasmaglo accessory, and simultaneously coated via highprecision vacuum thermal evaporation of $200 Å Al followed by $80 Å C.
[57] All quantitative analyses were carried out on the Cameca 1 SX100 ''Ultrachron'' electron microprobe outfitted with a LaB 6 source ( Table 2 ). The instrument has five wavelength-dispersive spectrometers (WDS), two of which are ''VL'' spectrometers with very large PET crystals (2400 mm 2 in area) and detectors. The two VL spectrometers are simultaneously dedicated to analysis of PbMa. Count precision is increased by obtaining a weighted average of the K ratio for PbMa based on the net intensities (counts per second per nanoampere) from both spectrometers [see Jercinovic et al., 2008] . Combinations of natural and synthetic standards were used for calibration with a focused beam at 15 kV and 20 nA. Calibration and analysis of KKb was carried out on the same spectrometer as UMb to correct for the interference of KKa on UMb that occurs in monazite due to X-ray fluorescence within 10-15 mm of adjacent K-bearing phases [see Jercinovic and Williams, 2005] .
[58] Analytical points were chosen from homogeneous domains observed in high-resolution X-ray maps with emphasis placed on characterizing all observed textural/ compositional variations in each monazite grain, particularly domains with distinctive microstructures. For each domain, high-resolution WDS step scans of the background spectrum around ThMa, UMb, and PbMa were collected before each set of quantitative analyses at 15 kV and 200 nA with a focused beam. Raw background scans were converted to dead time-corrected, counts per second per nanoampere and digitially filtered prior to choosing regions of the curved background spectrum that avoided interferences. The selected background regions were regressed utilizing a best fit exponential model to calculate the background intensity beneath each peak position for ThMa, UMb, PbMa, and KKb [see Jercinovic et al., 2008] . Calibrated overlap correction factors for peak interferences of YLg on PbMa, ThMz 1 and ThMz 2 on PbMa, second-order LaLa on PbMa, ThMg on UMb, and KKa on UMb were applied prior to ZAF corrections during the analytical sessions [Donovan et al., 1993; Jercinovic and Williams, 2005; Pyle et al., 2002 Pyle et al., , 2005 . Then, at least three analytical measurements were made near the background point [see . The calibration was periodically evaluated during the analytical session by analyzing a consistency standard of known age [i.e., . The consistency standard used in this study is the Moacyr Brazilian pegmatite Mnz with weighted mean ages of 506.4 ± 1 (2s, MSWD = 0.56) for
